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ABSTRACT: The trace detection and forensic analysis of black powders and black powder substitutes, directly from wipe-based 

sample collections was demonstrated using infrared thermal desorption (IRTD) coupled with direct analysis in real time mass spec-

trometry (DART-MS). Discrete 15 s heating ramps were generated, creating a thermal desorption profile that desorbed more volatile 

species (e.g., organic and semivolatile inorganic compounds) at lower temperatures (250 °C to 400 °C) and nonvolatile inorganic 

oxidizers at high temperatures (450 °C to 550 °C). Common inorganic components of black powders (e.g., sulfur and potassium 

nitrate) as well as the alternative and additional organic and inorganic components of common black powder substitutes (e.g., dicy-

andiamide, ascorbic acid, sodium benzoate, guanidine nitrate, and potassium perchlorate) were detected from polytetrafluoroethylene-

coated fiberglass collection wipes with no additional sample preparation. IRTD-DART-MS enabled the direct detection of intact 

inorganic salt species as nitrate adducts (e.g., [KClO4+NO3]
-) and larger clusters. The larger ion distributions generated by these 

complex mixtures were differentiated using principal component analysis (PCA) of the mass spectra generated at two points during 

the thermal desorption profile (low and high temperatures), as well as at high in-source collision induced dissociation (CID). The 

PCA framework generated by the analysis of two black powders and five black powder substitutes was used to classify samples 

collected from a commercial firecracker containing both flash powder and black powder. The coupling of IRTD-DART-MS and 

multivariate statistics demonstrated the powerful utility for detection and discrimination of trace fuel-oxidizer mixtures. 

Propellants such as black powder and smokeless powder, 

along with pyrotechnic mixtures, are among the most abused 

materials for formulating improvised explosives devices (IEDs) 

in the United States and internationally. These low explosives 

consistently rank in annual reviews performed by the Bureau of 

Alcohol, Tobacco, Firearms and Explosives (ATF) as the most 

frequently encountered fillers of IEDs, reflecting the availabil-

ity of these materials.1 Black powder, which is a classical fuel-

oxidizer mixture of potassium nitrate, sulfur, and charcoal, is 

generally sold as a propellant for primitive-style firearms and 

incorporated into many pyrotechnic devices. Black powder sub-

stitutes (BPS) were introduced in the 1970s to replace black 

powder and are comprised of different formulations that may 

include potassium perchlorate or other organic fuels and often 

exclude sulfur.2-6 Because BPS were designed to improve upon 

black powder as a propellant, reduce hazards in manufacture, 

shipping, and storage, and decrease fouling and odor genera-

tion, they have replaced black powder in many commercial ap-

plications. Pyrotechnic devices often contain a flash powder, 

the most common of which is a mixture of potassium perchlo-

rate and aluminum.7 As such, potassium nitrate and potassium 

perchlorate are compounds that may be indicative of the class 

of low explosives exploited by bomb makers, and screening 

tools that can detect the presence of these compounds represent 

a critical need. In addition to screening, forensic analysis of un-

burned propellants requires identification of the specific black 

powder, BPS, or pyrotechnic used, which requires detection of 

components in addition to potassium nitrate and potassium per-

chlorate. Interest in analytical methods for the detection, iden-

tification, and differentiation of these compounds spans both 

fieldable and laboratory-based techniques.  

Fieldable techniques generally focus on high-throughput 

screening and rapid presumptive analysis applications. These 

techniques often employ wipe-based collection of particulate 

from surfaces and, in the case of low explosives, target the char-

acteristic anions from a single compound. For example, ion mo-

bility spectrometry (IMS) targets more volatile species and has 

demonstrated the detection of sulfur present in black powder 

and some BPS.8, 9 IMS typically incorporates a thermal desorber 

operating at conditions compatible with the wipe and optimized 

for specific threats,10 but their maximum temperatures are lim-

ited, indicating further improvements would be needed for the 

detection of the more refractory potassium nitrate and potas-

sium perchlorate. The sulfur component of black powder and a 

few BPS is also targeted by other fieldable gas-phase detectors 

such as those based on amplifying fluorescence polymers.11 

Likewise, colorimetric tests are popular low cost field tech-

niques, but are limited to the detection, in the case of black pow-

der and BPS, of dissociated NO3
- and ClO4

- anions.12, 13 Detec-

tion of these anions has also been demonstrated with portable 

capillary electrophoresis14 and fieldable surface enhanced Ra-

man spectroscopy (SERS) platforms.15 

Laboratory-based techniques used in the forensic identifica-

tion of intact low explosives are summarized in guidelines 

promulgated by the Technical/Scientific Working Group for 

Fire and Explosive Analysis (T/SWGFEX) and include 20 dif-

ferent techniques.16 The guide lists black powder, flash powder, 

and three BPS as formulations to identify, as well as the com-

ponents necessary for differentiation. Detection of potassium 

nitrate is required for identification of black powder; while sul-

fur and carbon are listed as additional components but not 
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required for identification. The three BPS require identification 

of potassium nitrate and at least one other component; potas-

sium perchlorate or ascorbic acid (a class of BPS is based on 

ascorbic acid as the fuel).2, 3, 17 A number of organic fuel com-

ponents such as sodium benzoate, dicyandiamide (DCD), and 

3-nitrobenzoic acid (NBA) are also present in various BPS.5, 6 

Identification of flash powder is based on the oxidizer, most 

commonly potassium perchlorate, and the metal fuel. The sim-

ultaneous detection of these inorganic and organic components 

remains a challenge, as does the detection of the intact inorganic 

oxidizers. Several of the techniques specified by T/SWGFEX 

have been employed for the characterization of black powders 

and BPS. Infrared (IR) and Raman spectroscopies, when used 

in combination, can discriminate among some inorganic oxidiz-

ers; less so when the anion is the same and only the cation is 

different.18 A range of additional analytical techniques have 

been used to demonstrate detection of potassium nitrate, potas-

sium perchlorate, and organic fuels, including high-perfor-

mance liquid chromatography/electrospray ionization quadru-

pole time-of-flight mass spectrometry (HPLC/ESI-QToFMS),2 

ion chromatography (IC)/MS,3 gas chromatography (GC)/MS 

with trimethylsilyl derivatization,6 and X-ray powder diffrac-

tion (XRPD). In addition, a range of additional mass spectrom-

etry techniques have demonstrated fingerprinting, chemical im-

aging of spatial distributions, vapor detection, and discrimina-

tion of gunpowders, black powder, BPS, and their inorganic ox-

idizer components. These include secondary ion mass spec-

trometry (SIMS),19 atmospheric flow tube (AFT)-MS,20 and la-

ser-based MS techniques.21, 22  

As introduced above, the analysis of trace amounts of mate-

rial collected on wipes is not only utilized by screening tech-

niques, but also for traditional forensic techniques, particularly 

when available sample is limited. Thermal desorption from 

wipes can also be used in conjunction with ambient ionization 

mass spectrometry (MS) platforms such as direct analysis in 

real time (DART)-MS, exploiting the advantages of rapid anal-

ysis and no required sample preparation, common to this class 

of techniques.23, 24 In recent years, DART has become a conven-

tional system used by the forensic science community,25, 26 

demonstrating wide-ranging detection of explosives,27-33 and 

exhibiting the potential for field deployment when coupled with 

portable mass spectrometers.34-36 The recent development and 

progression of infrared thermal desorption (IRTD) of wipe-

based collections enables the generation of an inherent temper-

ature ramp during a discrete multi-second infrared emission in-

terval for analyte thermal desorption.35, 37 The temperature pro-

files generated by the IRTD notably enabled the thermal desorp-

tion of species at their optimal temperatures, i.e., more volatile 

species at lower temperatures, while still achieving elevated 

temperatures necessary for the desorption of refractory inor-

ganic oxidizers. The IRTD platform was coupled with DART-

MS and a time-of-flight (TOF) mass analyzer to demonstrate 

the thermal desorption and detection of nanogram levels of in-

tact nonvolatile inorganic oxidizer salts (e.g., KClO3 or KClO4), 

providing higher fidelity data for detection and discrimination. 

IRTD-DART-MS has the potential to serve both as a fieldable 

technique and for laboratory-based analysis of black powder 

and BPS. It has not only the inherent advantages of rapid anal-

ysis coupled with no sample preparation for high throughput but 

is also capable of detecting both organic and inorganic species 

necessary for the forensic differentiation of intact powders.  

We present the applicability and capabilities of utilizing 

IRTD-DART-MS in conjunction with principal component 

analysis (PCA) for the detection and differentiation of black 

powders and various BPS from wipe-based sample collections. 

The high fidelity IRTD-DART-MS data and multivariate statis-

tical analysis employed here provided a powerful technique for 

the differentiation of two black powders and five BPS analytes  

EXPERIMENTAL METHODS 

Materials. Black powders and black powder substitutes were 

provided by the Bureau of Alcohol, Tobacco, Firearms & Ex-

plosives forensic science laboratory (Ammendale, MD, USA). 

The present study considered two black powders: (1) Goex 

Black Powder FFFg† and (2) Elephant Supreme Black Powder 

FFFg; and five black powder substitutes: (1) Pyrodex RS, (2) 

Pyrodex P, (3) Triple Seven FFFg, (4) Blackhorn 209, and (5) 

Jim Shockey’s Gold. Powders were analyzed as collected trace 

solid particulate from sample collection wipes (polytetrafluoro-

ethylene, PTFE-coated fiberglass weave: DSA Detection, LLC, 

Boston, MA, USA). Solid powder grains were isolated and then 

crushed with a mortar and pestle. The resulting sample was col-

lected with five individual wipes using a single unidirectional 

swiping motion. In many cases, the apparent wipe loading was 

deemed too high (visible dark gray/black deposits) and was re-

duced by completing a secondary swipe sampling from the orig-

inal wipe. Wipe-samples from a Super Cobra 6 2G firecracker 

containing a potassium perchlorate/aluminum flash powder and 

black powder primer were also analyzed. The firecracker was 

swiped on the top, bottom, and twice axially along the body. 

Additional details can be found in the supporting information. 

Instrumentation. The IRTD component of the platform was 

previously described and characterized in detail (Figure S1).35, 

37 Briefly, the IRTD was comprised of a twin tube near infrared 

emitter (Heraeus Noblelight America, LLC, Buford, GA, USA), 

housed within an aluminum casing and capped with a glass-

mica ceramic insulator (Mykroy/Mycalex). The infrared emitter 

was operated at 100 % power in discrete 15 s emission intervals 

for each sample. Wipes were inserted directly below the infra-

red emission focal point. The IRTD unit was coupled to a 

DART SVP ionization source (IonSense, Saugus, MA, USA) 

and time-of-flight mass spectrometer (AccuTOF, JEOL USA, 

Peabody, MA, USA) through a hybrid glass/ceramic/metal 

junction and Vapur® hydrodynamic-assist interface (operated 

at 4 L/min) (Figure S1). Negative mode operation demonstrated 

superior sensitivity for the inorganic salts targeted here and was 

used throughout. Additional details of this enclosed transport 

configuration and experimental setup can be found in the liter-

ature.23, 35 As introduced above, the IRTD-DART-MS platform 

enables the preservation of intact inorganic salt species (e.g., 

KClO4) for robust detection. However, to provide additional 

confirmation, mass spectra were acquired with a method that 

switched between orifice 1 voltages of -20 V and -60 V, every 

0.5 s. The elevated orifice voltage enabled in-source collision 

induced dissociation (CID) to induce fragmentation of clusters 

and adducts, yielding bare anions from inorganic oxidizers 

(e.g., ClO4
-) and enhancing their detection.21, 31, 38-40 Based on 

previous work, a -20 V orifice voltage yielded intact organic 

and inorganic salt species, while -60 V was sufficient to frag-

ment most organics and a significant fraction of inorganic salt 

species to the bare anion.35 This method enabled acquisition of 

mass spectra from 1) the beginning of the emission interval – 
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consisting of the more labile organic and inorganic species, 2) 

late in the emission interval – consisting of the refractory inor-

ganic oxidizers, and 3) at high in-source CID – yielding bare 

anions and inorganic species (across early and late timepoints 

from the desorption profile). Additional DART and MS param-

eters and settings can be found in the supporting information. 

Principal Component Analysis. Principal component analysis 

(PCA) was employed to reduce the number of variables (in this 

case mass spectral peaks) to a more manageable set.19, 22, 41, 42 

Background subtracted (background mass spectra taken from 

blank wipe control samples) mass spectra were acquired from 

the raw data at the three sets of conditions listed above. Each 

extracted mass spectrum consisted of 64,592 data points from 

m/z 30 to m/z 600. A custom Matlab (Mathworks Inc., Natick, 

MA, USA) code was developed to read in a series of exported 

mass spectra files, scale the raw data, and perform PCA, gener-

ating scoring and loading values. As described above, given the 

nature of the sample collection process from particulate powder 

residues, no effort was made to quantify or equate sample wipe 

loading across replicates or powders. Therefore, scaling was 

performed in order to more appropriately compare acquired 

data across these replicates and samples. The analysis con-

ducted here incorporated pareto scaling, which consisted of 

mean centered data, divided by the square root of the standard 

deviation of each variable.43 Unlike autoscaling, which divides 

mean centered data by the standard deviation, pareto scaling im-

parts a level of importance to larger variables (mass spectral 

peaks). PCA scoring and loading plots were generated from five 

replicate samples for each powder at each of the three condi-

tions described above. These data were used as training data for 

principal component determinations. The samples collected 

from a Cobra firecracker containing both flash and black pow-

ders were used as testing data. 

Safety Considerations. Appropriate safety considerations for 

the storage and handling of energetic materials were employed 

per the materials’ safety data sheets and in accordance with best 

practices. Bulk energetic materials should not be exposed to 

physical, electrical, or thermal insult. A portable fume extractor 

was incorporated to protect against any potential aerosol or va-

por release of these compounds from the system.   

RESULTS AND DISCUSSION 

IRTD-DART-MS of Black Powder and BPS. As introduced 

above and demonstrated in the literature35 and Figure 1, the 

heating ramp generated by the infrared emission allowed or-

ganic and more volatile inorganic species to be thermally de-

sorbed at relatively lower temperatures (Figure 1(i)), while still 

attaining the elevated temperatures necessary to thermally de-

sorb inorganic oxidizers such as potassium perchlorate and po-

tassium nitrate (Figure 1(ii)). This heating ramp also enabled a 

level of temporal separation similar to temperature programmed 

desorption (TPD). Figure 1 demonstrates representative ex-

tracted ion chronograms, IRTD temperature measurements, and 

associated mass spectra from early and late time points during 

the emission interval for Elephant black powder and Triple 

Seven BPS. Details of these temperature measurements and di-

agrams of the layout can be found in the literature and support-

ing information.35 Proposed peak assignments were based on 

literature review, mass and isotopic distribution matching, and 

previous experience. Peak assignments were labeled by sym-

bols in mass spectra, with corresponding identifications found 

in Table 1. The Elephant black powder exhibited a range of ions 

associated with the sulfur and potassium nitrate components. 

Figure 1 displays the initial desorption and detection of the sul-

fur component at relatively lower temperatures at the onset of 

infrared emission, followed by the potassium nitrate oxidizer 

component as elevated temperatures were reached. The mass 

spectra corresponding to early in the emission period yielded a 

range of sulfur-based ions (), including, m/z 80 S2O
-, m/z 96 

S3
-, m/z 97 HSO4

-, m/z 112 S3O
-, m/z 126 S2NO3

-, m/z 143 [HSO-

4+NO2]
-, and m/z 195 [H2SO4+HSO4]

- (Figure 1(a-i)).8 As tem-

peratures necessary for the thermal desorption of potassium ni-

trate (▼) were achieved, ions corresponding to the intact inor-

ganic salt were observed in Figure 1(a-ii), specifically, adducts 

with the available nitrate anions generated by the DART source, 

the monomer m/z 163 [KNO3+NO3]
-, dimer m/z 264 

[(KNO3)2+NO3]
-, and trimer m/z 365 [(KNO3)3+NO3]

-. The 

Figure 1. Representative IRTD-DART-MS extracted ion chronograms (XICs) from (a) Elephant black powder and (b) Triple Seven 

BPS overlaid with temperature measurements (TC: thermocouple). Corresponding mass spectra from (i) early and (ii) late time points 

during the emission interval. Presumptive peak identifications found in Table 1. 
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Table 1. Main peaks and preliminary assignments observed (✓) for black powder and BPS components. 

 

ability to detect the intact oxidizer salt provides a more compre-

hensive presumptive identification and potential differentiation 

of black powders and BPS. For example, if the potassium nitrate 

adduct, m/z 163 [KNO3+NO3]
-, fragmented down to the bare 

anion, detection would be confounded by the high abundance 

of nitrate generated by the DART ionization source and could 

not be discriminated from other nitrate-based salts, e.g., ammo-

nium nitrate (NH4NO3). In a number of cases in this study, ad-

ducts between powder components were also observed, for ex-

ample from Figure 1(a-ii), a sulfur-potassium nitrate adduct, 

m/z 198 [KNO3+HSO4]
-. The Goex black powder demonstrated 

similar spectra and peak distributions to Elephant black powder 

(Figure S2). Given the ambient nature of the platform, environ-

mental conditions may alter ionization pathways. However, the 

mild hygroscopic nature of black powder is not believed to play 

a major role here. The low level of moisture (likely < 0.5% the 

composition) would vaporize early in the temperature ramp and 

not be present during the desorption of the majority of the com-

pounds of interest. 

Figure 1(b) demonstrates a similar analysis for the BPS, Tri-

ple Seven. As introduced above, BPS were developed to pro-

vide enhanced performance and reduced corrosion and odor 

generations. The Triple Seven composition eliminated the sul-

fur component and was comprised of potassium nitrate (PN), 

charcoal, potassium perchlorate (PPC), sodium benzoate, dicy-

andiamide (DCD), dextrin, and 3-nitrobenzoic acid (NBA).6 

Early in the infrared emission interval, desorption and detection 

of the organic species were observed, including the benzoate 

anion (): m/z 121 C6H5COO-, the deprotonated and nitrate ad-

duct of dicyandiamide (): m/z 83 [DCD-H]-
 and m/z 

146[DCD+NO3]
-, deprotonated nitrobenzoic acid (): m/z 166 

[NBA-H]-, and adducts m/z 205 [DCD+ C6H5COO]- and m/z 

250 [DCD+NBA-H]- (Figure 1(b-i)). The IRTD platform 

achieved temperatures necessary for the thermal desorption of 

the refractory potassium perchlorate salt. Previous work 

demonstrated incomplete desorption of the non-volatile potas-

sium chlorate and perchlorate salts within the 15 s emission in-

terval, limited by the thermal properties of the wipe material. 

However, sufficient material was desorbed for 5 ng to 10 ng 

sensitivities from the individual salts.35 Figure 1(b-ii) displays 

the ion distribution observed at elevated temperatures achieved 

late in the emission interval. The distribution was dominated by   

the intact potassium perchlorate nitrate adduct (), m/z 200 

[KClO4+NO3]
-, and bare perchlorate anion, m/z 99 ClO4

-, 

Major Components Symbol MW 

(g/mol) 

Major Ions Observed m/z Goex/ 

Eleph.  

Pyro. P 

/ RS  

Triple 

Seven 

BH 

209 

JSG 

Potassium Nitrate  ▼ 101.10 [KNO3+NO3]- 163 ✓ ✓ ✓  ✓ 

   [(KNO3)2+NO3]- 264 ✓     

   [(KNO3)3+NO3]- 365 ✓     

Sulfur  32.06 S2O- 80 ✓ ✓    

   S3
- 96 ✓ ✓    

   HSO4
- 97 ✓ ✓    

   S3O- 112 ✓     

   S2NO3
- 126 ✓     

   [HSO4+NO2]- 143 ✓     

   [H2SO4+HSO4]- 195 ✓     

 /▼  [KNO3+HSO4]- 198 ✓     

Potassium Perchlorate  138.55 ClO4
- 99  ✓ ✓ ✓ ✓ 

   [KClO4+NO3]- 200  ✓ ✓ ✓ ✓ 

   [KClO4+ClO4]- 237  ✓ ✓  ✓ 

 /▼  [(KNO3)(KClO4)+NO3]- 301  ✓ ✓  ✓ 

   [(KNO3)(KClO4)+ClO4]- 338  ✓ ✓  ✓ 

   [(KNO3)2(KClO4)+NO3]- 402  ✓ ✓  ✓ 

   [(KNO3)2(KClO4)+ClO4]- 439  ✓ ✓  ✓ 

   [(KNO3)2(KClO4)2+NO3]- 540     ✓ 

   [(KNO3)2(KClO4)2+ClO4]- 577     ✓ 

Sodium Benzoate  144.11 C6H5COO- 121  ✓ ✓   

Dicyandiamide (DCD)  84.08 [DCD-H]- 83  ✓ ✓   

   [DCD+NO3]- 146  ✓ ✓   

 /  [DCD+ C6H5COO]- 205  ✓ ✓   

3-Nitrobenzoic Acid (NBA)  167.12 [NBA-H]- 166   ✓   

   [NBA+NO3]- 229   ✓   

 /  [DCD+NBA-H]- 250   ✓   

Ascorbic Acid (AA)  176.12 [AA-H]- 175     ✓ 

   [AA+NO3]- 238     ✓ 

   [2AA-H]- 351     ✓ 

Guanidine Nitrate (GN)  122.08 [GN+NO3]- 184    ✓  

   [2GN+NO3]- 306    ✓  

   [3GN+NO3]- 428    ✓  

   [4GN+NO3]- 550    ✓  

Nitrates ▲  NO3
- 62 ✓ ✓ ✓ ✓ ✓ 

 ▲  [HNO3+NO3]- 125    ✓ ✓ 
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although various adducts (e.g., m/z 237 [KClO4+ClO4]
-) and 

clusters with potassium nitrate (e.g., m/z 301 [(KNO-

3)(KClO4)+NO3]
-) were also observed (Figure 1(b-ii) and Table 

1). Prior investigations into individual chlorate and perchlorate 

salt samples demonstrated adduct formation with available ni-

trate (generated by the DART source) or free anions from the 

sample were the dominant ions formed.35 Dissociation and/or 

recombination of cation-anion pairs remains a function of the 

original salt properties. The ability of IRTD-DART-MS to pro-

vide direct information to the composition of intact salt species 

provides an additional level of information from mass spectra. 

Alternative mass spectrometry techniques such as GC/MS tra-

ditionally do not achieve temperatures sufficient to vaporize 

and detect inorganic compounds (i.e., potassium nitrate or po-

tassium perchlorate). Similarly, liquid-based mass spectrometry 

techniques, including LC/MS and ESI-MS, require the dissolu-

tion the analyte in solvent, losing the intact salt information that 

IRTD-DART-MS enables.  

In addition to the separation and potential differentiation of 

black powder and BPS by the temporal distribution of chemical 

species (Figure 1), we also utilized in-source CID to target frag-

mentation and declustering of the larger inorganic adducts and 

clusters generated by IRTD-DART-MS. Figure 2 displays rep-

resentative mass spectra from both early and late in the thermal 

desorption profile, as well as at high in-source CID for the Py-

rodex RS and Jim Shockey’s Gold BPS. Many of the BPS con-

sidered here contained both potassium perchlorate and potas-

sium nitrate, yielding a large ion distribution containing numer-

ous adducts and clusters of the two (Figure 1(b), Figure 2, and 

Table 1). By applying an elevated potential to orifice 1, in-

creased fragmentation of these clusters was achieved. Figure 

2(iii) demonstrates the high in-source CID spectra for Pyrodex 

RS and Jim Shockey’s Gold, clearly identifying the perchlorate 

anion representative of the potassium perchlorate component. 

Though high in-source CID improves the detection of the bare 

anions, peaks associated with the intact salts were significantly 

reduced or eliminated at these settings. 

Further consideration of the spectra for these BPS provided 

points of differentiation with alternative powders. As demon-

strated in Figure 1(a), the black powders yielded strong peaks 

for a wide range of sulfur ions, as well as potassium nitrate ad-

ducts with nitrate. The Pyrodex RS and P black powder 

substitutes contained reduced levels of sulfur and potassium ni-

trate, while adding potassium perchlorate, sodium benzoate and 

dicyandiamide. A number of the main sulfur related ions and 

the potassium nitrate were still observed, along with peaks as-

sociated with the remaining compounds (Figure 2(a)). Pyrodex 

was the only BPS to contain sulfur, providing a point of differ-

entiation. In addition, as compared to the similar composition 

of Triple Seven BPS, the presence or absence of sulfur and 3-

nitrobenzoic acid (m/z 166 [NBA-H]-) enabled differentiation. 

Jim Shockey’s Gold BPS is based on ascorbic acid and was 

unique in that regard in this sample set, enabling clear differen-

tiation (Figure 2(b)). Jim Shockey’s Gold BPS consisted of po-

tassium nitrate, potassium perchlorate, and ascorbic acid (), 

observed as both the deprotonated anion, m/z 175 [AA-H]- , and 

the nitrate adduct, m/z 238 [AA+NO3]
-.3 The precise composi-

tion of Blackhorn 209 BPS was proprietary, with only general 

ingredient classes provided by the manufacturer. Related pa-

tents and the literature indicated it contains nitrocellulose, guan-

idine nitrate, and potassium perchlorate.5, 20 However, prior 

analysis has also demonstrated that Blackhorn 209 was com-

prised of a mixture of particles, some containing potassium per-

chlorate and some containing potassium nitrate.44 No readily 

identifiable peaks associated with nitrocellulose were observed 

here, however, an array of guanidine nitrate adducts () (e.g., 

m/z 184 [(C(NH2)3NO3)+NO3]
- and m/z 306 [(C(NH2)3NO3)2 

+NO3]
-) and potassium perchlorate enabled differentiation from 

the other powders investigated here (Figure S3). 

Principal Component Analysis of Black Powder and BPS. 

The detection, presumptive mass spectral peak identification, 

and possibilities for differentiation of black powder and BPS 

was introduced above. However, given the complex nature of 

these multi-component mixtures, large ion distributions were 

observed, which can lead to difficulties with differentiation. 

Here, we employed principal component analysis of the com-

plete powder signature as an alternative to targeting specific 

species for identification and differentiation. PCA was con-

ducted at each of the three sets of conditions described above. 

Details of the analysis and incorporated scaling can be found in 

the Experimental Methods section. Figure 3 displays the scores 

plot for the first three principal components from the analysis 

of mass spectra taken early during the thermal desorption pro-

file at low in-source CID (Figure S4 – 2D projections of first 

Figure 2. Representative IRTD-DART-MS mass spectra of (a) Pyrodex RS BPS and (b) Jim Shockey’s Gold BPS from (i) early and (ii) 

late time points during the emission interval and (iii) at high in-source collision induced dissociation. Presumptive peak identifications 

found in Table 1. 
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two components for easier visualization). As demonstrated, the 

PCA results provided differentiation of the powders investi-

gated here. The two black powders were comprised of very sim-

ilar formulations and clustered together as expected. Similarly, 

the Pyrodex P and Pyrodex RS BPS were clustered together as 

expected given their identical composition with differences 

only in grain size, an aspect not expected to directly affect the 

chemical detection for the analysis here. Microscopy-based in-

spection would be necessary for their differentiation. The re-

maining three BPS, Triple Seven, Blackhorn 209, and Jim 

Shockey’s Gold were all readily separated and independently 

clustered. 

The PCA loading plots for the first three principal compo-

nents, shown in Figure 4, further identified the compounds and 

peaks providing discrimination of the black powders and BPS 

based on this analysis. The first principal component drove the 

differentiation of the Blackhorn and Jim Shockey’s Gold BPS 

(positive PC1 score) from the Triple Seven BPS (negative PC1 

score), with the Pyrodex BPS and Goex/Elephant black pow-

ders all falling near the axis (Figure 3 and Figure S4). The dif-

ferentiation was dominated by the ascorbic acid of Jim 

Shockey’s Gold and guanidine nitrate of Blackhorn (both posi-

tive PC1 scores) versus the dicyandiamide and 3-nitrobenzoic 

acid of Triple Seven (negative PC1 scores Figure 4(a)). Other 

minor contributions from sulfur-related ions yielded negative 

PC1 loadings and resulted in the black powders falling near the 

axis and just negative in the PCA scores plot (Figure 3 and S4). 

The second principal component (PC2 – Figure 4(b)) almost ex-

clusively differentiated between the ascorbic acid of Jim 

Shockey’s Gold relative to the guanidine nitrate of Blackhorn 

BPS. The remaining BPS (Triple Seven and Pyrodex RS/P) and 

black powders (Goex and Elephant) fell along the axis with 

minimal PC2 loadings. The third principal component (PC3) 

yielded positive loadings for the dicyandiamide and 3-nitroben-

zoic acid components of the Triple Seven BPS, with additional 

peaks representative of ascorbic acid and benzoate, relative to 

negative loadings dominated by sulfur related ions. This ena-

bled clear differentiation of the black powders from the remain-

ing BPS, most notably Triple Seven. The Pyrodex BPS fell 

along the axis as they contained sodium benzoate and dicyandi-

amide (positive PC3 loadings) and sulfur (negative PC3 load-

ings). 

Principal component analyses were also conducted on the 

mass spectra collected for each sample late in the thermal de-

sorption profile (at elevated temperatures) and at high in-source 

CID. Figure 5 displays the PCA scores plots of the first three 

principal components for these two additional cases. As intro-

duced above in the detailed discussion of the ion distributions 

generated by the black powders and BPS, the inorganic salts 

were observed at higher temperatures (Figure 1(ii) and 2(ii)). 

Similarly, fragmentation of the larger inorganic salt clusters and 

adducts was observed at high in-source CID (Figure 2(iii)). The 

principal components for both these settings separated the black 

powders from the majority of the BPS, excluding Blackhorn 

209. The PCA loadings plot for the powder signatures at ele-

vated temperatures demonstrated PC1 separation based on the 

presence of dicyandiamide and potassium nitrate versus typical 

background peaks observed for Blackhorn 209 samples (Figure 

5(a) and S5(a)). Beyond very minimal potassium perchlorate 

and typical background peaks, the Blackhorn BPS exhibited no 

other distinct compound specific peaks at elevated tempera-

tures. The dicyandiamide-related ions demonstrated long trail-

ing peaks in the extracted ion chronograms (Figure 1(b)) that 

remained late into the infrared emission interval. The black 

powders and majority of BPS all contained potassium nitrate, 

resulting in the clear differentiation from Blackhorn 209, which 

did not. The second principal component for the high tempera-

ture signatures differentiated between those signals dominated 

by potassium nitrate (the black powders) and those dominated 

by potassium perchlorate (the remaining BPS) (Figure 5(a) and 

S5(b)). The third principal component exhibited separation 

based on again dicyandiamide and benzoate (positive PC3) ver-

sus potassium perchlorate dominated ion distribution (negative 

PC3). Further principal components provided separation based 

on the remnants of organic peaks that were better differentiated 

Figure 3. Principal component analysis scores plot of the mass 

spectral signatures early in the infrared emission interval – rela-

tively low desorption temperatures. Plot displays the first three 

principal components for training data: Elephant () and Goex 

() black powders, and Triple Seven (), Pyrodex RS (▲), Py-

rodex P (), Blackhorn 209 (), and Jim Shockey’s Gold () 

BPS; and testing data: Cobra firecracker (). 

Figure 4. Principal component analysis loading plots of the mass 

spectral signatures early in the infrared emission interval for (a)-

(c) the first three principal components. 
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by the lower temperature spectra in Figure 3. The first principal 

component for the mass spectra at high in-source CID separated 

the powders between those dominated by sulfur fragments 

(black powders) and those dominated by nitrate and perchlorate 

anions (BPS) (Figure 5(b) and S6). These were the main con-

stituents that survived at higher in-source CID. The second prin-

cipal component then differentiated those BPS with significant 

perchlorate signal versus those demonstrating nitrate and guan-

idine nitrate (Blackhorn 209). This provided isolation of the 

Blackhorn 209 and separation from the other BPS and black 

powders (Figure S4(c)). Further principal components provided 

little additional differentiation. 

Finally, the principal component analysis demonstrated here 

was utilized to classify a test example. In this scenario, the pre-

vious samples were defined as the training data, which deter-

mined the principal components. The corresponding principal 

components were then calculated for the test case mass spectra. 

Here, four samples were collected from the outside of a fire-

cracker container known to contain flash powder (comprised of 

potassium perchlorate and aluminum) and a black powder pri-

mer and analyzed by IRTD-DART-MS (Figure S7). This exam-

ple provided an interesting test as the sample was expected to 

contain the typical components of a black powder, with the ad-

dition of potassium perchlorate common to BPS. However, 

none of the alternative and additional components of BPS iden-

tified here were present. The PCA results for the Cobra fire-

cracker were overlaid onto Figures 3 and 5, demonstrating the 

scores plots for early and late in the emission interval, as well 

as at high in-source CID. As might be expected, the mass spec-

tra early in the infrared emission period were dominated by the 

sulfur species, which led to PCA scores representative of the 

black powder component of the firecracker, falling near the 

Goex and Elephant black powders (Figure 3, see Figure S4 for 

2D representations). However, at the elevated temperatures late 

in the emission interval, the firecracker sample exhibited both 

the potassium nitrate of the black powder primer and the potas-

sium perchlorate of the flash powder (Figure 5 and S4). The 

strong potassium perchlorate signal led to strong negative PC2 

scores for the “late” settings, falling more in-line with the BPS. 

At high in-source CID, the Cobra firecracker still exhibited a 

sulfur peak distribution, yielding a high positive PC1 value, in 

line with the black powders. However, the perchlorate signal at 

high in-source CID led to a strong negative PC2 score, provid-

ing clear differentiation from the black powder, toward the BPS 

(Figure S4(c)). This unique example demonstrated how the in-

corporation of a heating ramp and analysis of spectra at multiple 

points, as well as at multiple in-source CID levels enabled the 

differentiation of a mixed composition. If only the relatively 

lower temperature thermal desorption had been used (Figure 3) 

or detection based on a single component (e.g., sulfur), the fire-

cracker sample would have been mistakenly classified as a 

black powder. Achieving the elevated temperatures necessary 

for the thermal desorption of nonvolatile inorganic oxidizers en-

abled the firecracker to be differentiated from both black pow-

ders and BPS, while exhibiting similarities with both. It is im-

portant to note that real world samples may include a wide range 

of additional components, supplemental fuels or oxidizers, 

binders, or colorants. Generating a more encompassing training 

data set will be imperative to providing accurate differentiation 

of these samples. Similarly, the analysis of post-blast debris or 

other forensically relevant samples may also include significant 

background from the device materials or environment that must 

be considered. 

CONCLUSIONS 

The IRTD-DART-MS coupling was utilized here for the de-

tection and differentiation of fuel-oxidizer mixtures directly 

from wipe-based collections, including two black powders, five 

black powder substitutes, and a flash powder. Principal compo-

nent analysis at multiple locations in the thermal desorption 

profile and at high in-source CID enabled the discrimination of 

these powders based on an array of components and associated 

ions. The infrared emission generated a rapid heating ramp for 

the thermal desorption of organic and refractory nonvolatile in-

organic components. Traditional methods for the detection of 

these fuel-oxidizer mixtures require lengthy extractions and 

separations or only target individual components, providing less 

robust differentiation. The described platform enabled rapid 

analysis (15 s) with no sample preparation and generated high 

fidelity mass spectra for presumptive identification and dis-

crimination. Contrary to most analytical techniques available 

for the analysis of inorganic oxidizers, the IRTD-DART-MS 

platform maintained and detected the intact salts, as opposed to 

solely the bare anion. In addition, no significant decomposition 

or degradation of the organic components of the investigated 

black powder substitutes was observed.   

This analysis of fuel-oxidizer mixtures also revealed limita-

tions of the currently used wipe material for highly loaded sam-

ple collections. Heavily loaded wipes were observed to degrade 

and melt at temperatures lower than previously demonstrated 

for the analysis of solely inorganic oxidizers.35 As introduced 

above, this was circumvented by secondary wiping of initially 

highly loaded samples to reduce overall loading. This reinforces 

Figure 5. Principal component analysis scores plots of the mass 

spectral signatures (a) late in the infrared emission interval and (b) 

at high in-source collision induced dissociation. Plot displays the 

first three principal components for training and testing data as la-

beled in Figure 3. 
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the need for an alternative wipe material exhibiting resistance 

to elevated temperatures, as well as the necessary absorption 

spectra characterized in our previous work (i.e., transmission of 

the infrared energy to the glass-mica bottom plate).35 Recent pa-

tents have introduced alternative wipe options incorporating 

phenyl silane coatings intended for elevated temperatures that 

might be considered.45, 46 Alternatively, metallic cloth or mesh 

materials might provide the necessary infrared radiation trans-

mission characteristics and heat resistance to reduce wipe deg-

radation from deflagrating fuel-oxidizer sample collections. 

Despite these limitations, the IRTD-DART-MS platform com-

bined with multivariate statistics demonstrated unique capabil-

ities and potential as a forensic analysis tool for the detection 

and differentiation of fuel-oxidizer mixtures. In addition, previ-

ous demonstration of IRTD-DART coupled with a single quad-

rupole mass analyzer35 has opened possible avenues for field 

deployment of this platform as well as conceivable opportuni-

ties for coupling with IMS or other detection schemes. How-

ever, common fieldable techniques often yield poorer resolution 

and specificity relative to the laboratory mass spectrometer used 

here. The employed PCA method would need to be revalidated 

or an alternative detection algorithm developed.  
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Experimental Methods 

Materials.  

Black powders: (1) Goex Black Powder FFFg (Goex Powder, Inc. Doyline, Louisiana, USA), and 

(2) Elephant Supreme Black Powder FFFg. 

Black powder substitutes: (1) Pyrodex RS (Hodgdon Powder Company, Shawnee, KS, USA), (2) 

Pyrodex P (Hodgdon Powder Company), (3) Triple Seven FFFg (Hodgdon Powder Company), (4) 

Blackhorn 209 (Western Powders, Inc., Miles City, MT, USA), and (5) Jim Shockey’s Gold 

(American Pioneer Powder, Inc., Boca Raton, FL, USA). 

Temperature measurements. Two thermocouples (TC) on the bottom plate of the IRTD housing provided 

real-time temperature measurements. The internal thermocouple (TC1) provided temperature data of the 

bottom plate directly below the infrared emission point and the external thermocouple (TC2) from the 

opposite side of the bottom plate. 
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Table S1. DART-MS parameters and settings. 

DART Source Parameters 

DART gas N2 DART gas temperature 400 °C 

DART grid voltage 100 V Vapur flow rate 4 L/min 

AccuTOF Parameters 

Orifice 1 voltage -20 V and -60 V Orifice 2 voltage -5 V 

Ring lens voltage -5 V Peaks voltage -400 V 

Detector voltage -2300 V Orifice temperature 100 °C 

 

 

 

 

 

 

 
 

Figure S1. Schematic representation of the IRTD-DART-MS analysis of wipe-based sample collections. 

The twin tube near infrared emitter was located within an aluminum enclosure that enabled wipe 

introduction for exposure. Vaporized samples were entrained into the T-junction and ionized by DART 

generated metastable and product ion species. Ions pulled into the mass spectrometer were declustered by 

in-source collision induced dissociation between orifice 1 and the ring lens. 
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Figure S2. Representative mass spectra of Goex black powder from (a) early and (b) late time points during 

the emission interval. Presumptive peak identifications found in Table 1. 

 

 

 

 

 

 

 
Figure S3. Representative mass spectra of Blackhorn 209 BPS from early in the emission interval 

(relatively low temperatures). Presumptive peak identifications found in Table 1. 
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Figure S4. Principal component analysis scores plot of the mass spectral signatures (a) early and (b) late in 

the infrared emission interval, as well as at (c) high in-source CID. Plots display the 2D projected principal 

components, (i) PC1-PC2 and (ii) PC2-PC3, of the first three principal components for the training data: 

Elephant () and Goex () black powders, and Triple Seven (), Pyrodex RS (▲), Pyrodex P (), 

Blackhorn 209 (), and Jim Shockey’s Gold () BPS; and testing data: Cobra firecracker ().  
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Figure S5. Principal component analysis loading plots of the mass spectral signatures late in the infrared 

emission interval (elevated temperatures) for the first three (a)-(c) principal components. 

 

 



S-6 

 

 
Figure S6. Principal component analysis loading plots of the mass spectral signatures at high in-source 

collision induced dissociation for the first three (a)-(c) principal components. 
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Figure S7. Representative mass spectra of Cobra firecracker from (a) early and (b) late time points during 

the emission interval, as well as (c) at high in-source CID. Presumptive peak identifications found in Table 

1. 

 


